We demonstrate non-contact temperature measurement with 0.1 K precision at distances of several meters using omnidirectional laser emission from dye-doped cholesteric liquid crystal droplets freely floating in a fluid medium. Upon the excitation with a pulsed laser the liquid crystal droplet emits laser light due to 3D Bragg lasing in all directions. The spectral position of the lasing is highly dependent on temperature, which enables remote and contact-less temperature measurement with high precision. Both laser excitation and collection of light emitted by microlasers is performed through a 20 cm aperture optics at a distance of up to several meters. The optical excitation volume, where the droplets are excited and emit the laser light, is approx. 10 cubic millimeters. The measurement is performed with sub-second speed when several droplets pass through the excitation volume due to their thermal motion. Since the method is based solely on measuring the spectral position of a single and strong laser line, it is quite insensitive to scattering, absorption and background signals, such as auto-fluorescence. This enables a wide use in science and industry, with a detection range exceeding tens of meters.
INTRODUCTION
There has been an increased interest in exploring and engineering microphotonic devices based on liquid crystals and other soft materials. Particular attention has been paid to novel approaches to miniaturization of soft matter photonic devices and studies of soft and complex matter self-organization in microdevices that are able to generate, process and control the flow of light on the microscale.
Liquid crystals [1] are a subclass of soft matter that are fluid and still have the optical properties of solid crystals. Their ability to flow and adapt to the external confinement has made it possible to produce large scale flat panels with unprecedented quality of image. Their fluid nature has made liquid crystals interesting for self-assembly on the microscale, which could make it possible to develop new generation of photonic devices based entirely on soft/fluid matter. The self-assembly is possible only if the material is able to flow and adjust to externally dictated conditions. On the other hand, liquid crystals respond and align to low external surfaces and fields, which made it possible to produce power efficient flat panel displays and light modulators with complex architecture.
Chiral nematic liquid crystals, also called cholesteric liquid crystals (CLCs) [1] are particularly interesting for photonic applications because they show a photonic band gap structure of the dispersion relation for light propagating through this liquid crystal. The band structure of photonic states is a consequence of spontaneous helical organization of CLC molecules. Although the photonic properties of chiral nematic liquid crystals have been known since 1970's, they have been only recently exploited for practical applications in lasers [2] [3] [4] [5] [6] [7] [8] . Chiral nematic liquid crystal lasers are dye lasers, where the fluorescent dye or some other light emitting material is dispersed throughout the liquid crystal to produce uniformly distributed optical gain within the 1D periodic optical Bragg resonator of the CLC structure. The band structure and the emitting laser wavelength can be tuned either chemically or using external fields. The advantage of chiral nematic dye lasers is that they are spontaneously formed, without any need for sophisticated fabrication of periodic optical structures. The entire optical resonator is therefore self-assembled in a fraction of a second simply by letting the liquid crystal to self-organize and equilibrate. This is a clear advantage over the solid state optical devices, which need advanced and time/energy consuming fabrication processes. On the other hand, liquid crystal microlasers have all the inherent problems of dye lasers, and they are subject to bleaching and reduced laser emission during their operation.
The application of liquid crystals in large scale displays and optoelectronic devices have been studied for decades, but only recently the focus has shifted to making liquid crystal photonic devices of micrometer size. Examples of such devices are optical microcavities (microresonators) and microlasers. Microavities are micron-sized devices that are able to store light for some limited time and microlasers are using microcavities which have optical gain. An optical microresonator that could efficiently be tuned by external electric field was recently demonstrated [9] . Typically this is ten(s) of micrometer diameter droplet of a nematic liquid crystal, floating in another immiscible fluid, which is ordered by surface interaction in a way that liquid crystal molecules align perpendicular to the interface with the external fluid. Such a droplet is a perfect optical microcavity supporting the Whispering Gallery Modes (WGMs), the frequency of which can be tuned by external electric field. This field disturbs the initial alignment of liquid crystal molecules and changes the optical path for the light circulating in WGMs. Consequently, the WGM spectrum is blue-shifted in external electric field and the range of tuning can be quite large [9, 10] . Another example of a liquid crystal microphotonic device is the 3D omnidirectional Bragg laser that was invented in 2010 by Humar and Muševič [11] . This laser is made of a typically 10 µm diameter droplet of a chiral nematic liquid crystal, with liquid crystal molecules aligned parallel to the surface to form onion-like structure of cholesteric layers inside the droplet. The helical axis is pointing radially outwards from the center and this structure is a spherical Bragg radial optical grating. The refractive index is helically modulated in the radial direction because of the helical ordering of liquid crystal molecules. Such a structure represents a spherical onion Bragg resonator, with a very strong modulation of the refractive index in the radial direction. Optical amplification is obtained by dispersing fluorescent dye molecules inside the liquid interior of the droplet. When pumped by an external laser, the droplet emits laser light in all directions.
It is well known that liquid crystals can be easily disturbed by external fields or any changes at the confining surfaces which makes them ideal materials for sensors [12, 13] , Liquid crystals have been used to measure the temperature [14, 15] , to measure pH [14, 16] , and to detect various targeted molecules such as glucose [17] , surfactants [18] , endotoxins [19] , proteins [20, 21] and various biological molecules [22] . Liquid crystals are very sensitive sensors, because even a subtle change of molecular orientation at the interface produces strong changes throughout the liquid crystal. In this way, tiny surface perturbation is strongly amplified in the liquid crystalline structure undergoes huge changes of the optical properties. In most cases the liquid crystal is made of flat and thin film (typically hundred micrometers), or a micrometer-diameter liquid crystal droplet, and the readout is done by observing the liquid texture in the film or a droplet under an optical microscope.
Whereas liquid crystal microdroplets are very sensitive sensors of temperature and targeted molecules, it is not advantageous to read such a sensor under an optical microscope. For practical reasons and in many cases it is preferable to detect the optical properties of such a liquid microsensor at larger distances. We have recently demonstrated remote measurement of temperature by using omnidirectional lasing from chiral nematic droplets [23] . The idea is simple and is based on the temperature dependence of the lasing line of 3D microlasers, which is directly related to the helical pitch of the chiral nematic liquid crystal. This pitch is usually temperature dependent, which means that the position of the 3D lasing line is directly and uniquely related to the temperature of the droplet. The omnidirectional nature of 3D lasing makes it possible to detect the 3D lasing line irrespective of the orientation of the droplet. We showed that by using this method it is possible to measure the temperature of the microdroplet with better than 0.1 K precision at a separation of several meters [23] . In this paper we give more details on the various aspects of remote detection of temperature using omnidirectional lasing of liquid crystals.
MATERIALS AND EXPERIMENTAL SET UP
The chiral nematic liquid crystal was prepared by mixing a non-chiral nematic liquid crystal MLC-7023 (Merck) with an appropriate amount of chiral liquid crystal S-811 (Merck), which serves as a chiral dopant. MLC-7023 liquid crystal is a low optical anisotropy liquid crystal mixture with n e =1.53 and n = 1.46. Two different chiral nematic mixtures were prepared with two different concentrations of chiral dopant, resulting in two different helical pitches and lasing wavelengths. Mixture 1 contained 25 wt% of S-811, and Mixture 2 contained 26 wt% of S-811. To each of these mixture 0.2 wt% of Pyrromethane 580 fluorescent dye (Exciton) was added to prepare the CLC droplets. The dye was dissolved in the liquid crystal by heating it into the isotropic phase. After cooling down, the mixture was centrifuged to sediment any solid particles, which were mostly the dye particles that did not dissolve. The phase transition temperature of pure MLC-7023 into the isotropic phase was at 90 °C. The addition of chiral dopant S-811 decreases the isotropic phase transition temperature of both mixtures to approximately 60 °C.
Chiral nematic mixture with a dye was introduced into pure glycerol and manually stirred at room temperature to produce small droplets of CLC, floating in glycerol. With some practical experience, one could easily produce chiral nematic droplets with diameters less than 100 µm, which were used in the experiments. The droplets were inspected under a polarized microscope for any defects, and one could observe typical colourful droplets of spherical shape and radial structure. If present, defects could be removed by heating the dispersion to ∼50 °C for 1 minute. The dispersion was constantly and gently mixed to prevent segregation at the glycerol-air interface and subsequent coalescence. After this treatment the defects annihilated and high optical quality droplets of chiral nematic liquid crystal were obtained. It is known that presence of any structural defects deteriorates the optical quality of droplets and the onset of lasing is supressed. Because the glycerol dispersion is rather highly viscous, water was added to reduce the viscosity for easier stirring the dispersion during the experiments. A 1 wt% PVA (polyvinyl alcohol) solution in water was added to glycerol in 50-90% of the total volume. This significantly reduced the viscosity of the dispersion and also stabilized the liquid crystal dispersion. The stirring of the dispersion during the experiment was performed to keep the dispersion homogeneous. The refractive index of the water-glycerol mixture is lower than each of the refractive indices of the CLC mixture. For this reason, the chiral nematic liquid crystalline droplets sustain also the WGMs, which are characteristic of isotropic droplets and this makes the lasing spectrum of the droplets quite complex. Figure 1 . a) Schematic drawing of the optical setup. Pump laser with 10 ns pulses at 532 nm is used for optical excitation of the microlasers; F1 -optical fiber of 550 µm core diameter is used to guide light into a commercial telescope body; DMlong-pass dichroic mirror; L1 -50 mm diameter biconvex lens with focal length of 60 mm; L2 -200 mm diameter planconvex focusing lens with focal length of 400 mm; Sample stage contains magnetic stirrer to stir the dispersion of microlasers and control the temperature. Temperature sensor is enclosed into a box with windows; LPF -Longpass 550 nm dichroic filter; F2 -a 105 µm core diameter fiber; Andor Shamrock SR-500 spectrometer. b) Photograph of the optical setup with superimposed schematics of the beam paths. Green lines represent excitation beam, red lines represent collected laser light.
To excite lasing in CLC droplets and collect the emitted laser light at a typical distance of one meter, we built an optical system based on a commercial astronomic telescope, as shown in Figs. 1(a) and 1(b) . The nanosecond pulsed pump laser (optical parametric oscillator, Opotek) and the spectrometer (Andor Shamrock, SR-500) were placed on an optical table and they were both coupled to the optics inside the tube of the telescope by fibres. The pump pulsed laser was coupled into the telescope via multimode optical fibre F1 of 550 µm core diameter. The optics of the telescope is focusing the pump light up to a distance of several meters, where the dispersion of chiral nematic droplets was kept in a temperature controlled container. After the excitation with 532 nm pulsed light these droplets were lasing in all directions, and some of emitted light was collected by the same optics of the telescope and coupled to the spectrometer with a 105 µm core diameter multimode fibre.
The light collecting and focusing lens of the telescope L2 was a large, 200 mm diameter plan-convex lens with focal length of 400 mm (Edmund Optics), fitting into the tube of the telescope. The optical elements inside the telescope were mounted on a cage system (Thorlabs) and aligned along the optical axis of the telescope. The elements inside the cage system were long-pass 550 nm dichroic mirror (Thorlabs), longpass filter (Thorlabs), 50 mm diameter biconvex lens and two fibre collimators (air-spaced doublet, Thorlabs). The position of the small lens L1 could be changed by sliding it along the cage rails, thus positioning the focal point of the optical system closer/further away from the telescope. The measurements were performed at the distance of 1-3 meters from the telescope. The pump energy at the focal point was in the range of 100-600 µJ per individual laser pulse.
While the dispersion was continuously stirred, the temperature of the dispersion was controlled to better than 0.1 K using a temperature controlled chamber with glass windows (Okolab), shown in Fig. 2(a) . The temperature of the sample was slowly increased from room temperature up to 42 °C. During this temperature ramp the dispersion was constantly illuminated and the lasing light was continuously collected from the sample. The pulse energy of the pump laser was typically set to 200 µJ and this energy was spread over the beam waist of ∼2 mm 2 , which corresponds to the energy density of ∼10 mJ/cm 2 . This is typically eight times bigger than the lasing threshold of similar 3D microlasers, determined in earlier experiments [11] . The repetition rate of the pump laser was set to 20 Hz and during each measurement 200 spectra were recorded, which took 10 s of time. The spectra were then averaged. It is clear from Fig.  2(b) that the light is collected from a large number (thousands) of different droplets during each pulse, primarily because of large number of illuminated droplets within the beam waist and also due to forced circulation of the dispersion. 
LASING FROM SINGLE CHIRAL NEMATIC DROPLET
Before the experiments on remote sensing of 3D lasing were performed on dispersion of chiral nematic microdroplets, the lasing was analyzed on several individual droplets under an optical microscope using the set up described earlier [11] . The droplets were illuminated with 532 nm nanosecond pump pulses and the lasing was observed under a polarizing microscope. We observed several characteristic lasing regimes, corresponding to different lasing modes, as illustrated in Figs. 3 and 4 . Figure 3(a-c) shows three different lasing regimes of chiral nematic droplets made of Mixture 1. Depending on the position of the pumping beam and the temperature, laser emission was observed from different parts of a droplet. In Figure 3 (a) one can clearly see laser light emission from the center of the droplet. The emitted light is yellow, corresponding to the length of the helical pitch of this material at this temperature. This is therefore the 3D lasing regime, where the light emanates from the center of the droplet and is emitted in all directions uniformly. Note that the 3D lasing spectrum usually consists of a single line, and the wavelength is determined solely by the helical period of the chiral nematic liquid crystal mixture [11] . We denote this 3D lasing regime by "A", to be distinguished from other lasing lines, which were observed in spectra, collected in remote sensing experiments on a number of different droplets in the water/glycerol dispersion. ) shows the emission of the green laser light from the inner sections of the droplets. The light is emitted from areas reminiscent of "lobes" and we denote this second type of lasing regime by "B". We shall see in the continuation when discussing the lasing spectra that these optical resonances are likely to be the result of Bragg reflection of light propagating at oblique incidence to the helical wave-vector q of the chiral nematic structure. We therefore call it "oblique Bragg WGM" lasing.
The third type of lasing regime is presented in Figure 3 (c), where we see weak green laser light, which is emitted from the surface of the droplets. These are the ordinary WGMs, which are sustained in these droplets because both indices of refraction of the droplet are higher than the refractive index of the surrounding fluid. We denote these lasing modes by "C". The resonant circulation of light is therefore enabled by total internal reflection at the liquid crystal-water/glycerol interface. Figure 3(d) shows an example of a lasing droplet, where all three lasing regimes are present simultaneously.
To distinguish different lasing regimes we recorded characteristic spectra of light, emitted within each regime, which are shown in Figure 4 . These different spectra were taken at different temperatures, where on or another mechanism is stronger compared to the others. The different lasing regimes can be understood by considering simple model, graphically demonstrated in Fig. 4(d) . It is clear that lasing can be obtained only if particular mechanism(s) leading to Figure 3 . Three different lasing regimes in chiral nematic droplets made of Mixture 1. Different regimes are obtained at slightly different temperatures and by selecting different spots on the droplet, where the center of the pumping 532 nm laser light is focused. Photos are taken between crossed polarizers. (a) 3D lasing is easily recognized because the laser light is emitted directly from the center of the droplet in all directions. We denote this 3D lasing regime by "A". The temperature is 34°C, droplet's diameter is 73 µm. (b) "Oblique Bragg WGM" lasing is recognized from characteristic lobes of intensity emanating from the interior sections of the droplet. We denote these lasing regime and corresponding lines by "B". The picture was taken at room temperature, droplet's diameter is 53 µm. (c) The ordinary WGM lasing is also sustained because of lower refractive index of the surrounding fluid compared to the droplet. This lasing is emanating from the surface of the droplet, as the modes are confined to the narrow region close to the interface where total internal reflection takes place. The picture was taken at 34°C, the diameter of the droplet is 66 µm. (d) Photo of a droplet where all three lasing regimes were observed simultaneously. The diameter of the droplet is 60 µm. optical resonances is/are present, which means that a mechanism should provide periodic returning of light to the place of origin and the stimulated emission enhances the number of photons generated by this mechanism.
In 3D lasing the light is travelling in the radial direction and is reflected because of normal incidence to the layered radial structure. This is therefore the normal Bragg reflection, which causes the light to bounce back and forth in the radial director. Because of the optical gain due to the excited fluorescent molecules distributed throughout the liquid crystal, this light gets coherently amplified and is finally emitted in the radial direction away from the droplet. The resonance is therefore achieved because of the radial structure of the spherical Bragg onion resonator and the 3D laser is radially distributed feedback laser. This type of lasing is referred as to the type "A". The second type of optical resonances could be obtained by light circulating in the interior of the droplet and this circulation is provided by oblique light diffraction on a radial Bragg reflector.
Again the condition for the resonance implies closed trajectory with phase matching of the optical wave after each circulation. This type of lasing is called "oblique Bragg WGM lasing" and is referred as to the type "B". The third type of lasing is the ordinary WGM lasing from the modes circulating along the interior surface of the droplet by subsequent total internal reflection of light. This type of lasing is referred as to the type "C" and can be observed when the refractive index of the surrounding liquid is significantly lower than the indices of the liquid crystal droplet. Figure 5 shows an example of the lasing spectra acquired on a single droplet, where all types of lasing regimes could be resolved. In the regime "A" light is travelling radially, it is bouncing back and forth in the radial direction and gets amplified at the mode wave vector which is directly related to the wave-vector q of the helical structure. In the oblique Bragg WGM regime "B" light is circulating in the inner layers of the chiral nematic droplet. It gets Bragg reflected at an oblique angle with respect to the local wave-vector of the helical structure, and the resonant circulation is sustained when the light returns to the point of origin with the same phase. Ordinary WGMs are sustained because of the total internal reflection at the droplet surface and results in ordinary WGM regime denoted by "C". 
LASING FROM WATER DISPERSION OF CHIRAL NEMATIC DROPLETS
When the experiment is performed by using the telescope optics to excite lasing of the liquid crystal dispersion at a separation of approximately one meter, the volume where the lasing occurs is typically 10 mm 3 . The beam waist in the focal plane of the telescope was around 1.5 mm and the length of this excitation volume along the telescope axis was around 5 mm. We should note that the beam waist of 1.5 mm is much bigger than the smallest possible, diffraction limited beam waist, which is around 1.7 µm. Such a huge difference of three orders of magnitude is due to multimode fibers used to bring the light from the pump laser and also in moderate quality of the main focusing lens.
It is then clear that in remote excitation experiment we receive a flash-back signal from thousands of different droplets, floating in the water/glycerol dispersion. When a 10 ns excitation green pulse is sent through the telescope, it eventually excites fluorescent molecules in many liquid crystal droplets that are by chance traversing the waist of the excitation beam at that moment. If the excitation pulse is strong enough, lasing emission will be triggered from those droplets, and some of the light will be emitted in the direction towards the telescope aperture. This light is then captured by the optics of the telescope and analyzed by the spectrometer. In the experiments the "flash-backs" of monochromatic light from individual CLC droplets can be clearly distinguished, which is presented in Figure 6 . One can see one dominant emission line centered at ∼568 nm, but there are clearly many other peaks that are different from pulse to pulse. If we sum-up and average ∼200 captured spectra, the main 3D Brag lasing line will remain. It depends only on the helical period of CLC, which is the same for all droplets, regardless of droplet's size. However, the WGM lasing lines will differ from droplet to droplet and also from pulse to pulse. Consequently, these lines will average out to smooth background and only Bragg-related lines will remain in the averaged spectrum. The distribution of 3D Bragg lasing wavelengths from poly-disperse sample of liquid crystal droplets (in terms of the diameter of droplets) is rather sharp and can be well fitted to the Gaussian curve, with the typical linewidth of ∼1 nm.
TEMPERATURE DEPENDENCE OF LASING FROM LC DROPLETS MEASURED AT 1 METER DISTANCE
The measured temperature dependence of the lasing spectra is presented in Fig. 7(a) . The most dominant spectral line corresponds to the 3D omnidirectional Bragg lasing, whereas the lasing lines at shorter wavelengths correspond to oblique Bragg WGMs. The temperature dependence of the 3D omnidirectional Bragg lasing peak was obtained from fitting a Gaussian curve to each 3D Bragg lasing peak at given temperature. The resulting temperature dependence of the 3D omnidirectional Bragg lasing is presented in Fig. 7(b) . We find that the temperature dependence of the omnidirectional lasing line is inversely proportional to ∼ 1/(T+T o ), with T o =152º C. The fitting parameters are for the Mixture 1, which was optimized for the temperature range around body temperature. It is quite clear from the slope of the temperature dependence of the 3D Bragg lasing line in Fig. 7(b) that the CLC droplets are very sensitive micro-thermometers. The sensitivity of the measurement is determined by the slope of the lasing line, which is ∼3 nm/K. The center of the Bragg lasing line can be determined to better than 0.3 nm, which means that the temperature of the local environment of the liquid crystalline droplets can be measured to better than 0.1 K accuracy.
CONCLUSIONS AND OUTLOOK
This work demonstrates the proof of concept of using chiral nematic droplets as miniature sensors of temperature. The sensors are in the form of ∼10 µm diameter droplets floating in an immiscible fluid, which could also be dispersed in gas or even vacuum. The advantage of liquid crystalline microsensosrs is their smallness and autonomy of operation. They are addressed at a typical pulse energy of the pumping laser of ∼ 200 µJ, which is spread over the surface of the beam waist of ∼ 2 mm 2 , thereby corresponding to the energy density of ∼ 10 mJ/cm 2 . This surface energy density is above the threshold for lasing of a typical chiral nematic material doped with a lasing dye. The excited droplets are lasing individually in all the directions. This makes it easy to detect the emitted lasing line(s) in arbitrary direction in space. The emitted spectrum of a typical chiral nematic droplet is quite complicated and we have shown that in remote sensing experiments lasing light from thousands of droplets are detected in a single shot. The lasing lines, which are related to the diameter of droplets all average-out in such an ensemble and only lasing lines, which are related to the helical period of the material forming the droplets, remain and amplify. This makes the detected spectral position of the line uniquely related to the intrinsic helical period of the material. In most of chiral nematic materials, including the one used in our experiments, the helical period depends on the temperature. This makes the position of the detected line temperature dependent. We have found that we could use this temperature dependence of the helical period to measure the local temperature of the droplets with an accuracy of ∼0.1K in the measuring time of ∼10 seconds at a distance of ∼1m. [29] . It is quite clear that our technique of remote and contactless measurement of temperature could be extended to the remote measurements of other physical and chemical properties. For example, the droplets could be made sensitive to a variety of biological substances [16] , including glucose [17] , endotoxins [19] , proteins [21] , pH [24] , metal ions [25] , amino acids [26] , etc.
Our liquid crystalline microsensors of temperature are also quite competitive regarding traditional techniques of remote temperature sensing, which is very important in all areas of industry, research and everyday life [27] . The most widely used passive remote temperature measurement is using infrared thermometry measuring the black body radiation. Optical methods for temperature measurements include measuring of Rayleigh scattering, Raman scattering, spectral reflectometry and luminescent methods [28] . Most of optical methods rely on measuring the small spectral shifts or relative changes in signal intensities. For example, local temperature sensing can also be performed by using fluorescent nanoparticles doped with Er3+ dopants [29] , rare-earth doped tips of optical fibres [30] or using WGM spectrum of a single dye-doped particle inside a hollow fibre [31] . The optical properties of measured sample can significantly distort the signal by absorption, autofluorescence and resonant scattering. In this respect our method is advantageous, because the measuring parameter is uniquely related to the spectral position of the lasing line.
The method of remote sensing of temperature and other parameters could be further refined and improved as to their range and sensitivity. For example, by increasing the pulse energy of the excitation laser up to ∼1 mJ and using diffraction limited optics, the lasing could be achieved up to the distance of ∼ 1.5 km. Whereas the excitation of lasing at such distances is not a problem, it is more difficult to achieve enough detection sensitivity. Because our 3D microlasers emit light uniformly in all directions, the emitted power density decreases as a square of separation. This could be compensated by using lock-in detection technique and using higher repetition rates of the excitation compared to 20 Hz used currently. We are confident that numerous applications of remote and autonomous sensing in industrial, environmental and ambient research and monitoring is possible using lasing from liquid crystal microsensors.
